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Introduction
As a rare metal-free material, LiFePO 4 has been considered to be a promising cathode material for the next generation of rechargeable lithium ion batteries due to its reasonable theoretical capacity (170 mAh g -1 ), environmentally benign, low cost, and high safety [1] .
However, the main problem of LiFePO 4 is its poor lithium-ion diffusion rate and low electronic conductivity. Tremendous efforts have been made over the past few years to overcome these drawbacks, such as carbon coating [2] [3] [4] , metal doping [5, 6] and particle size nanonization [7, 8] .
Nevertheless, the cycling performance of LiFePO 4 at elevated temperature and its high rate performance are still unable to satisfy the requirements for practical application in electric vehicles.
In recent years, conducting polymers, such as PPy, polyaniline (PANI), and poly (3, 4- ethylenedioxythiophene) (PEDOT), have been attracting much attention as additives or coating materials for lithium ion batteries. Investigations on V 2 O 5 /PPy [9] , LiMn 2 O 4 /PPy [10] , LiFePO 4 /PEDOT [11] , LiFePO 4 /PANI [12] , and LiFePO 4 /PPy [12] [13] [14] [15] [16] [17] [18] [19] have been reported.
Pasquier et al. [10] have coated LiMn 2 O 4 particles with PPy to improve the cyclability of LiMn 2 O 4 cathode at elevated temperature by suppressing the dissolution of Mn in the LiPF 6 electrolyte. Goodenough et al. [12] [13] [14] [15] first presented a concept of substituting the inactive C and PTFE binder of the LiFePO 4 cathode with a conducting polymer like PPy or PANI. The synthesized LiFePO 4 /C-PPy and LiFePO 4 /C-PANI cathodes exhibited excellent rate capability.
But they didn't report the electrochemical performance of these materials at high temperatures.
Vapor phase polymerization (VPP) was first described by Mohamadi et al. [20] as a CVD process using FeCl 3 as oxidants for polymerization of polypyrrole films. Then using Fe(III) tosylate as the oxidant has been reported an excellent route to form both smooth and highly conducting films [21] . When electrode materials are coated by PPy in this vapor phase process, the pyrrole gas could penetrate and coat in the inner pore area of the powder. This would reduce the activity of cathode/anode surface and further decrease undesirable reactions with the electrolyte, while the lithium intercalation would not be inhibited. This strategy to synthesize the PPy films grown on the surface of LiFePO 4 with CVD procedure would be helpful for the further development of electrode material for lithium ion batteries.
In this paper, the effect of PPy coating on the rate capability of LiFePO 4 /C material is firstly investigated at low temperature (-20 o C). It is also demonstrated that the high-temperature cycle performance of LiFePO 4 /C material can be greatly enhanced with the coating of PPy by using the simple CVD method whether the counter electrode is metallic lithium or mesocarbon microbead (MCMB).
Experimental
LiFePO 4 /C powder with carbon content of 2.4 wt% was synthesized according to Ref. [22] .
LiFePO 4 /C-PPy composite was prepared by chemical vapor deposition method using Fe(III) tosylate as oxidant: 5 g LiFePO 4 /C powder was dispersed in 23.5 g ethanol solution containing 25 wt% Fe(III) tosylate (Sigma-Aldrich). The solution was magnetically stirred for 15 min and heated into slurry at 60 o C. Then the slurry was exposed to pyrrole monomer vapor directly over the liquid pyrrole monomer (98%, Sigma-Aldrich, distilled prior to usage) on a filter paper in a Electrochemical impedance measurements of the cells were carried out using a SI1260 Impedance/gain-phase analyzer in conjunction with the SI1287 electrochemical interface. The amplitude of the alternating current signal was 5 mV over the frequency range between 100 kHz and 1 mHz. Fig. 2 . The cells were charged using the same current density as the following discharge test before each rate capability test. In Fig. 2a , it could be seen that the as-prepared LiFePO 4 /C-PPy composite shows a superior rate capability over 2 C (320 mA g -1 ) rate and the overpotential at high discharge rates is significantly reduced As is well known, the poor high-temperature cycling performance of LiFePO 4 /C is a major drawback at high rates. Therefore the effect of PPy coating on the cycling stability of LiFePO 4 /C material at 5 C charge/discharge rate at 55 o C is shown in Fig. 3 against Li anode. As shown in [13] . Secondly, in the LiFePO 4 /C-PPy composite, the excellent flexibility of PPy polymer could make the electrode more insensitive to the mechanical stresses experienced during cycling at high temperature and high rates [12] . Furthermore, PPy could also contribute to the capacity of the LiFePO 4 /C-PPy composite [19] .
Results and discussion
To further investigate the origin of the remarkable cyclability improvement of the MCMB|LiFePO 4 /C-PPy cell, the cross-sectional SEM images and the corresponding EDX spectra of MCMB electrodes were measured after 200 cycles at 1 C charge/discharge rate at 55 o C. To prepare samples for SEM analysis, the cycled coin cells were dissembled and the MCMB anodes were rinsed with Tetrahydrofuran (THF) and dried in the glove box. EDX was carried out along the cross-section at two different locations for each sample. The results are shown in Fig. 6 .
In Fig. 6b , it could be found that, for the MCMB electrode of the MCMB|LiFePO 4 
Conclusions
The 
